abundance and diversity of organisms (Holsinger, 1998) and the abiotic conditions at the deeper parts of the caves are generally more stable. In the absence of light and primary producers, cave habitats are generally extremely oligotrophic, receiving poor supplies of degradable organic matter. They rely almost exclusively on organic matter from surface habitats (Poulson & Lavoie, 2000) . Primary source of energy is generally decaying organic matter deriving from plants, guano and carrion (Braack, 1989) , whose bioavailability is largely dependent on its chemical properties and on environmental physical factors, such as temperature and light (Smith & Benner, 2005) .
THE SUBTERRANEAN ENVIRONMENT
Natural sciences (from Earth to biological sciences), medical sciences, engineering and the cultural history of mankind find in caves an imaginary crossroad, where different disciplines meet enhancing our understanding of the history of our planet. Research into the biology of caves is not only a matter of exploring unique and extreme ecosystems, but is also fundamental to our understanding of the delicate ecological balances on Earth (Lee et al., 2012) .
When compared with surface ecosystems, subterranean environments often have a low
In scarcity of light and primary producers, subterranean ecosystems are generally extremely oligotrophic habitats, receiving poor supplies of degradable organic matter from the surface. Human direct impacts on cave ecosystems mainly derive from intensive tourism and recreational caving, causing important alterations to the whole subterranean environment. In particular, artificial lighting systems in show caves support the growth of autotrophic organisms (the so-called lampenflora), mainly composed of cyanobacteria, diatoms, chlorophytes, mosses and ferns producing exocellular polymeric substances (EPSs) made of polysaccharides, proteins, lipids and nucleic acids. This anionic EPSs matrix mediates to the intercellular communications and participates to the chemical exchanges with the substratum, inducing the adsorption of cations and dissolved organic molecules from the cave formations (speleothems). Coupled with the metabolic activities of heterotrophic microorganisms colonising such layer (biofilm), this phenomenon may lead to the corrosion of the mineral surfaces. In this review, we investigate the formation of biofilms, especially of diatomdominated ones, as a consequence of artificial lighting and its impacts on speleothems. Whenever light reaches the subterranean habitat (both artificially and naturally) a relative high number of species of diatoms may indeed colonise it. Cave entrances, artificially illuminated walls and speleothems inside the cave are generally the preferred substrates. This review focuses on the diatom flora colonising subterranean habitats, summarizing the information contained in all the scientific papers published from 1900 up to date. In this review we provide a complete checklist of the diatom taxa recorded in subterranean habitats, including a total of 363 taxa, belonging to 82 genera. The most frequent and abundant species recorded in caves and other low light subterranean habitats are generally aerophilic and cosmopolitan. These are, in order of frequency: Hantzschia amphioxys, Diadesmis contenta, Orthoseira roeseana, Luticola nivalis, Pinnularia borealis, Diadesmis biceps and Luticola mutica. Due to the peculiarity of the subterranean habitats, the record of rare or new species is relatively common. The most important environmental factors driving species composition and morphological modifications observed in subterranean populations are analysed throughout the text and tables. In addition, suggestions to prevent and remove the corrosive biofilms in view of an environmentally sustainable cave management are discussed. artificial lighting; Bacillariophyceae; cave; corrosion; lampenflora Falasco et al. given to conservation and practices adopted for cave visiting often resulted in irreversible damages caused by visitors, mostly in terms of lint, litter, increased carbon dioxide from exhaled breath and increased temperature levels due to human body heat.
Moreover, artificial lighting in relation to touristic exploitation of show caves (i.e. caves made accessible to general public) is sufficient to support the growth of various phototrophs that would otherwise not be able to survive. The so-called lampenflora is a complex of autotrophic organisms colonising illuminated cave walls leading to the formation of green-brown patinas (Jones, 1965; Grilli Caiola et al., 1987; Hoffmann, 1989; Bertolani & Cigna, 1993; Passauer, 1996; Compagnone et al., 1999; Hoffmann & Darienko, 2005; Bruno et al., 2006 Bruno et al., , 2009 Lamprinou et al., 2011) . The term lampenflora -used for the first time by Dobat (1963) to describe the proliferation of phototrophic organisms near artificial light sources -is an originally German term used in the English vocabulary. Lamp flora in English or maladie verte in French are sometimes used as synonyms (Mulec, 2012) .
The formation of lampenflora is an important and well-studied phenomenon usually driven by light intensity and quality as well as light time schedule Roldán & Hernández-Mariné, 2009 ) of the artificial illumination system. Photon flux density can reach high values but the peaks of the light spectra can be reduced at some wavelength (Albertano, 1993) . In show caves, in particular, the photosynthetically active radiation (PAR) is the limiting factor for autotrophic organisms and the key factor determining the formation of autotrophic (i.e. eukaryotic algae and cyanobacteria) or heterotrophic (i.e. fungi and bacteria) biofilms (Roldán & Hernández-Mariné, 2009 ). Among eukaryotic microalgae, the most important groups are Chlorophyceae and Bacillariophyceae (diatoms), of which little is known in comparison to the number of studies carried out on those that live in aquatic environments such as rivers, lakes and oceans.
This review synthesises literature data on diatoms colonising subterranean habitats, especially caves but also other underground environments that have been studied for their historical and cultural significance. In this regard, the term "subterranean habitats" is also used when referring to subterranean sites other than caves (either artificial or natural), such as catacombs, mines and ice caves (i.e. caves that contain seasonal and/or perennial ice; Balch, 1900) . We analysed more than 190 articles published from 1900 to date encompassing the algal flora of more than 140 subterranean sites; within them, we particularly focused on papers concerning diatom flora. In addition to the floristic data, we analysed the main environmental factors reported as affecting the species distribution, including artificial lighting in show caves. With this regard, the main environmental issues related to the formation of autotrophic biofilms on speleothems are presented.
A few species of bacteria, fungi and protozoa rely on other sources of energy, including inorganic compounds of sulphur, ammonium and ferrous iron. Because of their long isolation from the surface and because of the scarcity of nutrients, some subterranean microbes appear to have evolved the capacity of producing specialized chemical compounds, or toxins, with which to fend off competing microbes. This is the case of a group of chemolitotrophic bacteria discovered by Haak et al. (2002) in the deepest part of the Mammoth Cave (Kentucky, USA), which produce a compound with a supposed anti-cancer activity.
All kinds of life forms (i.e. viruses, bacteria, fungi, algae, protozoa, plants, animals) have been found in a range of different types of subterranean habitats, especially within caves, in pools, on rocks, in springs, on cave walls or even dispersed in the air (Culver & Pipan, 2009; Romero, 2009) . Cave biological communities are generally characterized by a co-presence of resident and non-resident organisms (accidentals) (Culver & Pipan, 2009 ). Accidentals enter caves occasionally via water, sediments, wind or air, as spores, or can even be carried in by animals, including men.
Depending on their actions and length of stay in the cave, accidentals may have dramatic effects on the resident "true" troglobiont populations and, in the worst-case scenario, they may even displace the original populations and communities (Saiz-Jimenez, 2010) . However, as soon as any subterranean habitat is disclosed and connected with the surface environment, the ecosystem becomes subjected to an unaccustomed and relatively large input of organic matter, or may be impacted by invading communities coming from the surface (Lee et al., 2012) .
The potential human impacts on subterranean ecosystems can be broadly divided into external and internal ones (Gunn et al., 2000) . External impacts such as pollution or quarrying usually pose serious problems, potentially altering sediment loads, subsurface hydrology and both clastic (sediment) and chemical water quality (Watson et al., 1997) . Internal impacts mainly derive from recreational caving and intensive uncontrolled tourism, resulting from inappropriate lighting and the presence of visitors, causing changes in the relative humidity, temperature and carbon dioxide concentration in air, as well as alterations of the optimal living conditions of the subterranean biological communities. All these effects would bring about a gradual decline of the environmental quality, favouring the degradation of cave art, biodiversity (Mann et al., 2002) and speleothems (Baker & Genty, 1998) . A speleothem is defined as a secondary mineral deposit formed in a cave (i.e. stalactites, stalagmites, flowstones, stone waterfalls and pillars) (Moore, 1952) .
However, the strongest disturbance recorded so far has been by commercial cave mass tourism, which began during the second half of the 19th century. At that time, minimal consideration was Subterranean diatom flora highlighted by many authors (e.g. Cañaveras et al., 2001; Hoffmann, 2002) . This is mainly a consequence of CO 2 uptake and CaCO 3 dissolution. Moreover, respiration processes and the consequent production of carbonic acid lead to the corrosion of cave formations, with irreversible consequences (Smith & Olson, 2007) . Microbial groups forming biofilms on cave walls can have both a constructive and destructive role on lithic surface. EPSs favour the trapping and binding of detrital grains, the precipitation of calcite and contribute to cave biogenesis (Riding, 2000) . Cheeptham (2013) suggests that biofilms contribute to the genesis of different kinds of speleothems, such as stalactites, stalagmites, pool fingers, cave pisoliths and moonmilk. Some diatoms, such as Melosira (Kashima et al., 1987), Aulacoseira, Neidium, Odontidium, Sellaphora, Stephanodiscus, and Synedra (Vidal Romaní et al., 2010) are known to be part of coralloid speleothems in non-calcareous caves or in travertines (Pentecost, 1998) . The formation of these elements, indeed, can be triggered, directly or indirectly, by diatom activities (Kashima et al., 1987) . Microbes can become part of the speleothems through calcification and precipitation processes of minerals on their external surface. Moreover, the biological origin of several speleothems has been recently hypothesised: microorganisms living in crevices can be considered part of their structure acting as sedimentary traps for the mobilised materials (Vidal Romaní et al., 2010) . The microbial processes in caves often involve redox reactions (Sasowsky & Palmer, 1994; Barton & Northup, 2007) that modify microenvironmental conditions. Growth of photo-and hetero-trophic organisms can have a synergic effect in the speleothems deterioration. Indeed, organic matter produced by autotrophs is necessary for fungi and bacteria to produce acid organic compounds which solubilise the minerals of the substratum. Precipitation of mineral particles on sheaths can shift strains from epilithic to endolithic colonization (Asencio & Aboal, 2001) . The same phenomenon has been observed after the exposure to high light intensities. This may change the mineral structure of the rock determining its decay. Erosional processes by microbial activity induce the breakdown of rock substrate, recycling essential nutrients, such as carbon, nitrogen, sulfur and phosphorus. In subterranean environments, a variety of precipitation and dissolution processes may occur. Bacteria produce enzymes, organic and mineral acids (such as sulfidric acid) inducing corrosion or dissolution of mineral surfaces (Northup & Lavoie, 2001 ). The cyanobacterial sheaths play an important role in the rock breakdown because they can absorb and release large quantities of water, thus changing the mineral structure of the rock, with subsequent destruction, weathering and increased porosity.
The EPSs produced by the biofilm can be negatively charged (due to uronic acids and sulphated groups) inducing the adsorption of cations and dissolved organic molecules from the mineral surface (Hoffmann, 2002; Albertano et al., 2003) . This phenomenon coupled with the metabolic activities of microorganisms colonising the layer leads to
BIOFILM FORMATION AND ITS IMPACT ON SPELEOTHEMS
Whenever sufficient light is available, phototrophic organisms are able to colonise almost any kind of substrate. As little as 1 μmol photon m -2 s -1 may already be sufficient to support their growth (Grobbelaar, 2000) . In illuminated subterranean habitats, cyanobacteria, diatoms and chlorophytes generally colonise illuminated walls in form of biofilms causing aesthetic, physical and chemical damages . Usually epilithic cyanobacteria and chlorophytes are the first colonizers (Albertano, 1993) and cyanobacteria play a key role in the genesis of biofilms, being able to produce exopolymeric substances (EPSs) that allow the adhesion to rocks and the consequent establishment of a microbial community (Stal, 2000) . Thanks to EPSs the cells stick to the walls and incorporate inorganic matter, bacteria and airborne particles . As a consequence they provide a thin and sticky layer rich in nutrients that retains humidity and stabilizes the biofilm (Albertano, 1993) . EPSs (polysaccharides, proteins, lipids and nucleic acids) promote ion absorption and regulate calcification processes and are generally produced against desiccation, toxic substances and UV radiation (Bellezza et al., 2003 (Bellezza et al., , 2006 Albertano et al., 2005) . The anionic EPSs matrix mediates to the intercellular communications and participates to the substrata exchange (Hoffmann, 2002) . The structure of the biofilm is generally related to the availability of light: close to the cave opening it is usually characterized by a series of thick layers, with diatoms on top. Thickness decreases proportionally with the light decrease and its structure becomes patchy Roldán et al., 2004; Roldán & Hernández-Mariné, 2009; Zammit et al., 2011) . In the Puigmoltó sinkhole (Spain) Hernández-Mariné et al. (2001) noticed that the biofilm covering cave walls appeared patchy and lax as far as light intensity decreased; in the same way, also biodiversity decreased and community composition shifted towards highly specialized organisms.
The first visible damage caused by biofilms on speleothems is aesthetical (e.g. stone waterfalls); algae are extremely successful in colonising illuminated areas and discolour speleothems, giving them a dirty and unsightly appearance. Similarly, biofilms cause serious damages to cave paintings. A well-known case of damage is caused by Bracteacoccus minor (Chodat) J. Petrová, a green alga growing on the prehistoric wall paintings of the world famous Lascaux Cave, France (Lee et al., 2012) . Also in Tito Bustillo Cave (Spain), the green colour of speleothems near the lighting lamps is remarkable. There, the dominant microbial community is composed of calcifying cyanobacteria that are able to precipitate calcium carbonate in the external sheath (Ariño et al., 1997) . Moreover, algae and mosses are associated in contributing to the damage.
Secondly, the growth of biofilm leads to structural damages (chemical alteration like dissolution and mechanical breakdown) of the substrate, as Falasco et al. an important role in the cave colonization. Fissures among rocks (Kol, 1957; Dobàt, 1970) as well as hypogean streams (Kawecka, 1989) may substantially contribute to the process of colonization. Species entering the cave via water are generally adapted to oligotrophic conditions. Diatom diversity is generally related to the distance from the entrance. Liminar and subliminar zones of caves usually host the richest diatom communities, probably in relation to the influence of the external conditions and their daily and seasonal fluctuation (Hoffmann, 2002; Roldán et al., 2004; . At small scales, rock surfaces are so extremely structurally and morphologically heterogeneous, that diatom communities colonising nearby patches can be very different (Lowe et al., 2007; Lowe, 2011) . In some cases, communities are astonishingly diverse (Rushforth et al., 1984) . Accordingly Smith & Olson (2007) highlighted a remarkable trend toward sitespecificity, with more than 50% of the recorded taxa found at few sampling stations. Assemblages in subterranean environments can be very different, within the same cave, even from gallery to gallery (Darienko & Hoffmann, 2006) and the environmental features driving species composition and relative abundances within them are still not clear.
Changes in diatom composition and richness are related to light (Patrick, 1948) and humidity fluctuation, but it is not possible to exclude the role of substratum coherence and interspecific competition (Roldán et al., 2004) . Light is important and can be related to cave community diversity: show caves, closed to public for a certain period (and consequently dark for several months), have lower taxa richness than those opened and illuminated all over the year (Dayner & Johansen, 1991) . In general, wet and fully illuminated surfaces, with a significant presence of mosses are richer in diatoms than less illuminated and dry sites (St. Clair et al., 1981; Altieri et al., 1993) . Even within the same cave and with a comparable illumination system, the greatest diatom diversity occurs at the moistest and most illuminated sections (St. Clair & Rushforth, 1976) . Kawecka (1989) observed the presence of several diatom species colonising a stream flowing into a cave, through a light gradient. Despite a part of the river flows in complete darkness, the author was able to find living cells of Diatoma hyemalis (Lyngbye) Heiberg, Encyonema ventricosum (Kützing) Grunow in Schmidt et al. and Fragilaria arcus (Ehrenberg) Cleve. Kawecka (1989) did not provide information on the permanence of these cells inside the dark part of the cave and did not exclude the drift from upstream sites. In general, the darkest areas of a cave can be characterized by dead or senescent individuals (such as Diadesmis and Nitzschia species) (Roldán & Hernández-Mariné, 2009 ).
Beside the proximity of sites to the cave entrance, other authors observed the importance of the mineral availability on formation of lampenflora (St. Clair & Rushforth, 1976; St. Clair et al., 1981) . Indeed, beside light and humidity, also the chemical composition of the corrosion of the mineral surfaces (Albertano & Bellezza, 2001) . Calcium ions can be adsorbed from the rocks and precipitate in the EPS matrix as calcium carbonate. In the same way nitrogen and phosphorus can be taken up and stored in cells . Bacteria and fungi forming the biofilm produce acidic organic compounds as final products, leading to the corrosion of the colonised substrate (Albertano & Urzì, 1999) . Value of pH increases as a consequence of photosynthetic activities, inducing a change in the solubility of the mineral substrate and leading to the corrosion of the surface (Albertano et al., 2000) .
ECOLOGY OF DIATOM ASSEMBLAGES IN SUBTERRANEAN ENVIRONMENTS
Human impacts altering the natural light gradient in subterranean ecosystems may have important repercussions on the composition of biotic communities inside the caves. In this context, lampenflora can be regarded as invasive (Mazina & Maximov, 2011) . Tourists entering subterranean ecosystems are responsible of algae transportation (Grobbelaar, 2000; Mulec & Kosi, 2009; Norbäck Ivarsson et al., 2013) , leading to unintentional biological pollution and favouring, at the same time, the colonization of bacteria and fungi . As a consequence, the alteration of the natural environmental conditions in show caves may also modify the diatom communities. Mulec & Kosi (2009) demonstrated that lampenflora does not grow at a very close distance from incandescent lights due to high temperature. Moreover, the artificial illumination also influences the water content of the substrate (substrate moisture) and air (relative humidity). Tourist presence leads to the increase of both temperature and CO 2 concentration inside the cave (Grobbelaar, 2000; Hoffmann, 2002) , intensifying wall corrosion (Mulec & Kosi, 2009 ). Despite such peculiar conditions may allow the colonization of tropical species (Roldán & Hernández-Mariné, 2009 ), most of the diatom species found in subterranean systems are cosmopolitan (Roldán & Hernández-Mariné, 2009 ).
Diatoms are generally considered accidental organisms (trogloxenic according to Couté & Chauveau, 1994 ) that mainly enter the subterranean environment through air circulation. In natural conditions, the abundance of algae is closely dependent from light availability and their presence would be limited to the liminar and subliminar zones. Despite this, the algal "darkflora" raised interest in the scientific community starting from 1950, and it was proven that several algal strains were able to survive in total darkness conditions (Buczkó & Németh, 2009) . The size of the cave has important effects on air circulation, and consequently on the diatom biodiversity at the deeper zones of the caves, if illuminated (Lauriol et al., 2006) . Warm air, especially during summer, blows through the main entrance of the cave transporting diatoms from the surface. Diatoms generally deposit on cave speleothems consequently to air condensation on the walls (Kol, 1957; Dobàt, 1970; Lauriol et al., 1995 Lauriol et al., , 2006 Mulec & Kosi, 2009 ). Water circulation also plays Subterranean diatom flora Mrozińska, 2009 Mrozińska, , 2011 Škaloud, 2009; Vinogradova & Mikhailyuk, 2009) . Wall surface pH can influence diatom species composition: acid rocks usually host Eunotia or Pinnularia species (such as P. borealis), while Orthoseira roeseana (Rabenhorst) O'Meara is typical of alkaline substrates (Poulíčková & Hašler, 2007) . Mosses and ferns can hold populations of Diadesmis gallica and Orthoseira roeseana (Roldán & Hernández-Mariné, 2009 ), but also Hantzschia amphioxys, Luticola mutica and Pinnularia borealis are common as epiphytic diatoms (Poulíčková & Hašler, 2007) .
It has been unpredictably observed that some planktonic species are frequently part of the diatom communities of the cave walls (Claus, 1955 (Claus, , 1962b VanLandingham, 1965; Barr, 1968; St. Clair & Rushforth, 1976; Bahls, 1981; Lauriol et al., 2006; Poulíčková & Hašler, 2007; Smith & Olson, 2007; Abdullin, 2009 Abdullin, , 2011 Buczkó & Németh, 2009; Škaloud, 2009; Vidal Romaní et al., 2010) . For instance, this is the case of Mammoth Cave (VanLandingham, 1965) , in which the presence of planktonic species could be explained by the presence of an underground river flowing into the cave: its seasonal floods can favour the entrance of these forms that are able to colonise the walls after water subside. In some cases, several authors noticed the presence of rheophilous taxa, such as Hannaea arcus (Ehrenberg) R.M. Patrick (Claus, 1962b; Lauriol et al., 1995 Lauriol et al., , 2006 or species that can be considered as invasive in streams such as Didymosphenia geminata (Lyngbye) M. Schmidt in Schmidt et al. (Lauriol et al., 1995 (Lauriol et al., , 2006 Blanco & Ector, 2009) .
Diatoms living in ice caves can show both epicryotic and endocryotic habitus, living respectively on the ice surface or inside ice water bubbles. Mineral salt content of the ice sustains diatom communities that are able to secrete extracellular polysaccharides protecting them from freezing (Lauriol et al., 2006) . Škaloud (2009) investigated the peculiar subterranean system of ventaroles: cranny systems of massive rocks allowing permanent air circulation, resulting in the origin of summer ice holes and winter warm air exhalations. Ventaroles show a peculiar and rich algal community: concerning diatoms, the flora is composed of taxa commonly found in cave systems, also ice ones, and rivers (see Table 2 for details on composition) (Škaloud, 2009) .
In Table 2 (Poulíčková & Hašler, 2007) . According to Selvi & Altuner (2007) , in some caves low diatom biodiversity and density could be related to the lack of silica. Biofilm preferentially colonises calcite and gypsum substrata; microscopical features (e.g. roughness) of the walls play an important role (Zammit et al., 2011) . Clean and smooth limestone resists to autotrophic colonization in a stronger way if compared to softer and heterogeneous clay surfaces (Rajczy, 1989; Rajczy & Buczkó, 1989) . In general, algal colonizers prefer porous, light and soft substrata (Hernández-Mariné et al., 2001; Darienko & Hoffmann, 2006 ) probably because they provide higher moisture storage than compact ones (Aley, 2004) . Smith & Olson (2007) highlighted a general trend in the increase of algal biodiversity with the increase of temperature, while a positive correlation between community richness and moisture content, up to no diatoms on dry walls, has been noticed in some cases (Poulíčková & Hašler, 2007; Czerwik-Marcinkowska & Mrozińska, 2011 
DIATOM ASSEMBLAGES IN SUBTERRANEAN ENVIRONMENTS: SPECIES COMPOSITION
Diatom communities in caves are mainly composed of euaerial and pseudoaerial taxa (see Johansen, 1999 for a definition), generally characterized by small size, high resistance to desiccation, specific preferences for pH and tolerating low nutrient levels and high conductivity. Most of these taxa belong to the genus Navicula s.l. Cave walls generally host aerophilous diatom flora that can survive in low light conditions, e.g. troglophilic taxa (such as Hantzschia amphioxys and Luticola nivalis (Ehrenberg) D.G. Mann in Round, Crawford & Mann) ; no troglobiont diatom species (obligatory occupants of the subterranean habitats that could not live elsewhere) has ever been recorded (Hoffmann, 2002) . The most abundant and frequent species can be considered as cosmopolitan and distributed worldwide in the same conditions. Obviously, exceptions occur. Table 1 (available online  at http://dx.doi.org/10.5038/1827-806X.43.3.1) offers an overview of the cave ecosystems explored from 1900 up to date and interested by diatom flora colonization.
Aerial diatom species adapted to low nutrient levels and high conductivity (Luticola nivalis, L. mutica (Kützing) D.G. Mann in Round, Crawford & Mann) are typical of subterranean systems (Germain, 1935; Bahls, 1981 
Hantzschia amphioxys (Ehrenberg) Grunow in Cleve & Grunow 1880

Basionym: Eunotia amphioxys Ehrenberg 1843
Hantzschia amphioxys is an aerophilous species (Germain, 1981) ; it is one of the most frequently recorded taxa on submerged bryophytes (Reichardt, 1985; Van de Vijver & Beyens, 1997) and wet habitats, including soils and rock crevices (Garbacki et al., 1999; Taylor et al., 2007) . This species is commonly also found in dry habitats and temporary water pools. In rivers it is often sampled in critical hydrological conditions, such as recent droughts and initial Buczkó, 2003; Lauriol et al., 2006; Poulíčková & Hašler, 2007; Czerwik-Marcinkowska & Mrozińska, 2009 Vinogradova & Mikhailyuk, 2009 ). All of these species are aerophilous and may be commonly recorded in soils (Petersen, 1928; Lund, 1946; Bock, 1963; Ettl & Gärtner, 1995; Hahn & Neuhaus, 1997; Souffreau et al., 2010) . From an ecological point of view they are generally euriecious and may proliferate in a variety of environmental conditions.
A brief synopsis on the ecology and distribution of each of these species follows. 
Subterranean diatom flora
Ukraine, USA). Apart from caves H. amphioxys is also recorded in sinkholes (Hernández-Mariné et al., 2001; Buczkó, 2003) and in ice caves, where it dominates the communities collected on the iced floor and cryogenic calcite powders (Lauriol et al., 1995 (Lauriol et al., , 2006 . The composition of the substrate does not seem to be a limiting factor for this species, that is found both in limestone and sandstone subterranean habitats (Darienko & Hoffmann, 2006; Selvi & Altuner, 2007) .
Hantzschia amphioxys has been recorded in show caves with artificial lighting systems (St. Clair & Rushforth, 1976) , both in naturally illuminated recolonization of the substrates (Pfister et al., 2009; Hofmann et al., 2011) . It is considered cosmopolitan, α-mesosaprobous in freshwater habitats (Van Dam et al., 1994) , occurring mainly in alkaline waters (Czerwik-Marcinkowska & Mrozińska, 2011) . The morphology is highly variable and probably consists of different lineages (Souffreau et al., 2013) . Hantzschia amphioxys has been recorded in 43% of the literature data analysed for this revision, showing a worldwide distribution (Belgium, Canada, Czech Republic, France, Germany, Hungary, Italy, Luxembourg, Poland, Russia, Slovakia, Spain, Turkey, UK, 
Falasco et al.
authors reported its presence in illuminated subterranean systems (Skuja, 1970; Bahls, 1981; Hoffmann & Darienko, 2005; Smith & Olson, 2007; Mazina & Maximov, 2011) . In wild caves the species was found at dim light (Roldán et al., 2004; Taylor et al., 2007; Czerwik-Marcinkowska & Mrozinska, 2009; Hofmann et al., 2011; Mazina & Maximov, 2011) . At very low light conditions, it occupies the upper layers of the biofilm (Hernández-Mariné et al., 2001) .
Diadesmis contenta is an euriecious species recorded in very different environmental conditions. Abdullin (2009) recorded it at the entrance of the Shulgan-Tash Cave (Southern Urals), exposed to daylight and to wide fluctuations of temperature and humidity through the seasons. In Thurston Lava Tube in Hawaii, this species was recorded near the tube entrance and exit, in areas illuminated by natural light. Diadesmis contenta was found both on wet walls and bryophytes (Rushforth et al., 1984; Roldán & Hernández-Mariné, 2009 ), being abundant on the lithic substrate and rare on the latter. During their research, the authors also investigated the middle portion of the lava tube (artificially illuminated by incandescent light) but the species was not recorded in these conditions (Rushforth et al., 1984) . Again, in the Hawaii Islands, at the Haena wet Cave on Kaua'i, D. contenta was found close to the cave entrance, on a naturally illuminated wet wall, but not exposed to the direct sunlight. The internal part of the cave was probably washed over by ocean surges during the frequent hurricanes beating on the island (Main, 2003) . Diadesmis contenta was also recently detected on the wall at the Kungsträdgården metro station in Stockholm, Sweden (Norbäck Ivarsson et al., 2013) .
Diadesmis contenta does not show preferences in terms of substrate composition, being present both on calcite (Skuja, 1970; Hernández-Mariné et al., 2001; Selvi & Altuner, 2007; Norbäck Ivarsson et al., 2013) and sandstone (Hoffmann & Darienko, 2005) . Following Garbacki et al. (1999) , D. contenta seems to survive in different environmental conditions both in terms of light and water availability. Accordingly, Germain (1935) and Abdullin (2009 Abdullin ( , 2011 detected D. contenta both on poring seepages and dry surfaces inside the same subterranean habitat and CzerwikMarcinkowska & Mrozińska (2011) found it both in high and low air humidity conditions. Despite this, air humidity and temperature shall be preferentially constant through the seasons. Diadesmis contenta was found in subterranean habitats characterized by a wide range of temperature and humidity (respectively 8-14°C and 65-100%; Mazina & Maximov, 2011) among the seasons. Concerning pH, D. contenta seems to be able to colonize acid seepages as well (pH= 3.7-6.0) (Poulíčková & Hašler, 2007) .
Orthoseira roeseana (Rabenhorst) O'Meara 1875 Basionym: Melosira roeseana Rabenhorst 1852
Orthoseira roeseana is considered aerophilous (Krammer & Lange-Bertalot, 1991; Houk, 2003) and xerotic (Germain, 1981) . It is commonly found on wet walls, moist stones and rocks, mosses and even on the wet banks of the riparian vegetation (Patrick, 1977; Van Dam et al., 1994; Garbacki et al., 1999;  sections, near the cave opening, and artificially illuminated ones (Bahls, 1981; Smith & Olson, 2007; Czerwik-Marcinkowska & Mrozińska, 2011; Mazina & Maximov, 2011) . In wild caves, it has been recorded both in the liminar zone, close to the cave opening on very wet walls (Garbacki et al., 1999) , but also in dim light or completely dark environments inside the caves, where the relative humidity of the air is sufficiently high (Palik, 1966; Asencio & Aboal, 2000a, b; Hernández-Mariné et al., 2001; Buczkó & Németh, 2009) , sometimes with abundant populations (Claus, 1955) . Beside wet walls, Poulíčková & Hašler (2007) recorded H. amphioxys on mosses and in freshwater ecosystems inside the caves, such as lakes (Palik, 1966) .
Diatoms living in subterranean ecosystems generally prefer very humid habitats and stable environmental conditions. For instance, H. amphioxys was abundant in subterranean habitats characterized by a wide range of temperature (8-14°C) and humidity (65-100%) among the seasons (Mazina & Maximov, 2011) . Despite this, H. amphioxys has also been found in non-artificially illuminated caves (La Serreta, Spain), characterized by large light intensity fluctuations (varying from 0.1 to 335 µE m -2 s -1 ), air humidity (ranging from 27.1 to 81.4%) and temperature (from 9.8 to 31.5°C) (Asencio & Aboal, 2000b) . This is confirmed by the presence of H. amphioxys as part of the cenosis found at the entrance of the Shulgan-Tash Cave (Southern Urals), exposed to daylight and to wide fluctuations of temperature and humidity through the seasons (Abdullin, 2009 (Abdullin, , 2011 . Hantzschia amphioxys does not seem to be particularly sensitive to pH, being recorded in caves whose seepage pH ranges from 5.6 to 8.5 (Poulíčková & Hašler, 2007) and on sandstone substrates, characterized by a lower pH in comparison to limestone (Darienko & Hoffmann, 2006) .
Diadesmis contenta (Grunow ex Van Heurck) D.G. Mann in Round, Crawford & Mann 1990
Basionym: Navicula contenta Grunow ex Van Heurck 1885
Diadesmis contenta is an aerophilous species characterized by small cell dimensions (Van Dam et al., 1994; Hofmann et al., 2011) . In freshwater habitats it shows preferences for circumneutral pH, low conductivity and nutrient content (Blanco et al., 2010) . It can be considered β-mesosaprobous (Van Dam et al., 1994) , belonging to high profile guild (Passy, 2007) , motile and able to produce colonies (Rimet & Bouchez, 2012) . Data from this review show a world wide distribution in subterranean ecosystems, being found in 41% of the literature analysed. Apart from caves, several authors found D. contenta in sinkholes (Hernández-Mariné et al., 2001; Buczkó, 2003) and in ice caves, where it dominates the communities collected on the iced floor, cryogenic calcite powders and ice stalagmites (Lauriol et al., 1995 (Lauriol et al., , 2006 . Diadesmis contenta was also recorded in ventaroles, on different substrates, both on rocks and mosses (Škaloud, 2009 ). Hernández-Mariné et al. (2001) found this species in non-artificially illuminated subterranean ecosystems but several Subterranean diatom flora preference in terms of pH, being found in limestone (Selvi & Altuner, 2007) and sandstone (Darienko & Hoffmann, 2006) subterranean habitats.
Pinnularia borealis Ehrenberg 1843
Pinnularia borealis is a cosmopolitan taxon, occurring in lentic and lotic systems from lowland rivers to mountain streams; this species and all its varieties (Hofmann et al., 2011) are typically aerophilous and epiphytic (Germain, 1936; Krammer & Lange-Bertalot, 1986; Van de Vijver & Beyens, 1997; Garbacki et al., 1999; Taylor et al., 2007; Czerwik-Marcinkowska & Mrozińska, 2011) , often anemophilous (Krammer, 2000) . It is one of the most frequently recorded taxa on submerged bryophytes (Reichardt, 1985; Van de Vijver & Beyens, 1997) . Pinnularia borealis is highly variable in terms of morphological features and probably consists of different lineages (Souffreau et al., 2013) . In this review it was recorded in 22% of the analysed papers and in 12 countries (namely Belgium, Bulgaria, Canada, Czech Republic, Germany, Hungary, Luxembourg, Poland, Russia, Slovenia, Turkey and USA). Rajczy et al. (1986) and Garbacki et al. (1999) found this species in wild caves, close to the main entrance on very wet walls, but Hoffmann & Darienko (2005) also recorded it in a show cave. Pinnularia borealis was also recorded in ice caves, where it dominates the communities collected on the iced floor and cryogenic calcite powders (Lauriol et al., 1995 (Lauriol et al., , 2006 , in calcareous subterranean environments (Selvi & Altuner, 2007) , but also on sandstone (Darienko & Hoffmann, 2006) . It is also present in sinkholes (Buczkó, 2003) . It does not show any particular environmental requirements in terms of humidity and substrate: it is possible to find it both in wet and dry air contitions (Czerwik-Marcinkowska & Mrozińska, 2011), both on temporarily wet rocks (Reichardt, 1985) and mosses (Poulíčková & Hašler, 2007 citing Reichardt, 1985 .
Diadesmis biceps Arnott ex Grunow in Van Heurck 1880
Van Dam et al. (1994) classified Diadesmis biceps as β-mesosaprobous and alcaliphilous, with a preference for low conductivities. In our review, it was found in 19% of the analysed papers, corresponding to 9 countries (Belgium, Canada, Hawaii, Hungary, Italy, Luxembourg, Slovenia, Ukraine and USA).
This species has been frequently recorded on wet cave walls or mosses in springs (Garbacki et al., 1999) . Diadesmis biceps was found in illuminated areas of show caves (Skuja, 1970; , but also in the liminar zone of a wild cave (Rajczy et al., 1986; . Moreover Dayner & Johansen (1991) found it in the laminar zone of a show cave. Diadesmis biceps was also found in Thurston Lava Tube in Hawaii (Rushforth et al., 1984) , near the main entrance and exit, in naturally illuminated areas. Diadesmis biceps was found both on wet walls and bryophytes (see also Dayner & Johansen, 1991) . During this research, Rushforth et al. (1984) investigated also the middle Houk, 2003; Czerwik-Marcinkowska & Mrozińska, 2011) , in alkaline areas (Wehr & Sheath, 2003) . This species has been recorded in 30% of the literature analysed (Austria, Belgium, Canada, Czech Republic, France, Germany, Hungary, Poland, Spain, Ukraine and USA).
In caves, Orthoseira roeseana is usually found in the liminar zone, exposed to natural light (Dobàt, 1970; St Clair et al., 1981; Garbacki et al., 1999) , but several authors found it on artificially illuminated walls (St. Clair & Rushforth, 1976; St Clair et al., 1981; Roldán & Hernández-Mariné, 2009 ). This is also the case of Lewis and Clark caverns (Montana, USA), where O. roeseana is considered as autochthonous and non accidental or brought from the external (Lauriol et al., 2006) . Orthoseira roeseana does not show selective preferences in terms of air humidity, being found in very different environments (Rajczy et al., 1986) , including dry surfaces (Germain, 1935) . Indeed, O. roeseana seems to be adapted to really variable environments (high rate of natural ventilation, relatively low air humidity and wide range of temperature through the seasons; Roldán & Hernández-Mariné, 2009 ). This is confirmed by the presence of O. roeseana in ventaroles where it was recorded on different substrates, both rocks and mosses (Roldán & Hernández-Mariné, 2009; Škaloud, 2009) . Orthoseira roeseana was also found on a woody surface, close to the main entrance of a small wild ice cave in Hungary, where air temperature ranges from 1 to 7.5°C (Kol, 1964) . In ice caves where it dominates the communities, O. roeseana was collected on the iced floor and cryogenic calcite powders (Lauriol et al., 1995 (Lauriol et al., , 2006 . Buczkó (2003) and Roldán et al. (2004) recorded this species in sinkholes.
Luticola nivalis (Ehrenberg) D.G. Mann in Round, Crawford & Mann 1990
Basionym: Navicula nivalis Ehrenberg 1853
Luticola nivalis is commonly found in freshwater ecosystems (lowland rivers) and is able to tolerate high conductivity (Hofmann et al., 2011) and nutrient levels (Van Dam et al., 1994; Czerwik-Marcinkowska & Mrozińska, 2011) . Luticola nivalis was cited in 23% of the analysed literature and recorded in 11 countries (Canada, Czech Republic, France, Hungary, Luxembourg, Poland, Russia, Spain, Turkey, Ukraine and USA). It has been frequently found on rock surfaces and mosses (Hofmann et al., 2011) , often in association with O. roeseana (Germain, 1981) . Nagy (1965) and Hofmann et al. (2011) considered it cryophilic. Luticola nivalis was found in touristic and artificially illuminated subterranean ecosystems (Nagy, 1965) , but also in completely dark sites inside the cave (Buczkó & Németh, 2009 ). In ice caves it was abundantly found on ice stalagmites (Lauriol et al., 1995 (Lauriol et al., , 2006 and Buczkó (2003) found it also in sinkholes. Luticola nivalis is a halophilous species, therefore, the high conductivity of the seepages on cave walls (due to the high evaporation rate) does not represent a limiting factor for its growth (Poulíčková & Hašler, 2007) . Luticola nivalis was also found on dry surfaces (Germain, 1935) and does not show any
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Haena Wet Cave (North tip of Kaua'i, Hawaiian Islands). This new species presents highly silicified valves and a new structure ("prows"), pronounced pervalvar extensions of the mantle in correspondence of the poles (Main, 2003) . Nowadays, D. haenaensis is the only described species belonging to the genus Diprora. Main (2003) recorded this species in the type locality, on a wet wall and ceiling not exposed to direct sunlight, inside the Haena Wet Cave. The species was dominant in the sample and it was associated with other aerophilous taxa typical of the Hawaiian Islands. Indeed, in this case, the communities colonising the cave wall in both sampling seasons, did not share many species with the typical assemblages from subterranean environments in Europe and America. Only Diadesmis contenta was recorded (not abundantly) in the Hawaiian community, while it is considered one of the key taxa of diatom cave flora in Europe. Diprora haenaensis was recently collected in Maniniholo Dry Cave (Kaua'i, Hawaiian Islands). Molecular analyses, based on nuclear (SSU rDNA) and chloroplast (rbcL, pbsC) genes, conducted on this population showed the close relation of this taxon with raphid diatoms. Despite this, no raphe system nor vestigial raphe has been detected in the whole sample (about 100,000 valves observed) (Kociolek et al., 2013) .
Recently, Taylor & Lange-Bertalot (2013) described Cholnokyella aerophila as new species and genus in South Africa. The species was recorded from a sandstone overhang at Bushman's Cave (South Africa) and was associated with Nostoc spp. colonies. The peculiarities of the species are the cruciform outline of the valve (often asymmetrical), the structure and pattern of the areolae and a single chloroplast. The species usually forms short colonies. Cholnokyella aerophila is probably not strictly aerophilic, being also found in a river rising from a cave, 40 km far from the type locality. It seems to prefer alkaline seep waters and its growth seems not limited by light and humidity. Most of the ecological preferences of the species are, however, still unknown. The study of the Thurston Lava Tube in the Hawaii Volcanoes National Park provided the discovery of several new species, i.e. Navicula hawaiiensis J.R. Johansen in Rushforth, Kaczmarska & Johansen and Navicula thurstonensis Kaczmarska in Rushforth, Kaczmarska & Johansen (Rushforth et al., 1984) . The first was recorded close to the lava tube entrance, on a wet wall at 1250 m a.s.l.. The latter, collected both on naturally and artificially illuminated sections, has been recently transferred to the genus Nupela as N. thurstonensis (Kaczmarska) Kulikovskiy et al. due to its raphe structure, long in both valves with proximal raphe ends characterized by very small punctiform central pores (Kulikovskiy et al., 2010) . Diatom flora in lava tubes is quite constant over the years and seasons (Rushforth et al., 1984) and shows several affinities with the aerophilous and moss-dwelling communities found in Europe. Navicula hawaiiensis and N. thurstonensis are known from the only type locality. In 2013, two new species were described from a small pool located at the bottom of a lava tube in Île Amsterdam (TAAF, Southern portion of the lava tube (artificially illuminated by incandescent light) but the species was not recorded in these conditions. Despite this, artificial light seems not to be a limiting factor for D. biceps proliferation: at the Oregon Caves National Monument (Oregon) it was abundantly recorded in both naturally and artificially illuminated sections of the caves (St Clair et al., 1981) . Diadesmis biceps is very abundant and also spreads in the Timpanogos Cave National Monument (Utah), both close to the main entrance and along the artificially illuminated path (St. Clair & Rushforth, 1976) . Diadesmis biceps was also recorded in ice caves, where it shows a preference for ice stalagmites (Lauriol et al., 2006) . Diadesmis biceps does not show selective preferences in terms of air humidity, being found in very different environments (Rajczy et al., 1986) , even dry ones (Dayner & Johansen, 1991) . It does not show preferences in terms of substrate and it was found in caves composed of calcite, dolomitic limestone (Dayner & Johansen, 1991) , but also on sandstone (Darienko & Hoffmann, 2006) ; considering this, it seems that D. biceps does not present particular preferences in terms of pH.
Luticola mutica (Kützing) D.G. Mann in Round, Crawford & Mann 1990
Basionym: Navicula mutica Kützing 1844
Luticola mutica is one of the most frequently recorded taxa on submerged bryophytes (Reichardt, 1985; Van de Vijver & Beyens, 1997) ; it is resistant to moderatehigh conductivity levels (Poulíčková & Hašler, 2007) . In freshwater ecosystems, given its tolerance to high conductivity and nutrient levels, it is commonly found in lowland rivers (Van Dam et al., 1994; CzerwikMarcinkowska & Mrozińska, 2011) . It was recorded in 14% of the literature analysed in this review and in 9 countries (Canada, Czech Republic, France, Poland, Slovenia, Spain, Turkey, Ukraine and USA).
It has been detected in touristic caves both on naturally illuminated walls close to the entrance and along the pathways in correspondence to artificial lights (St. Clair & Rushforth, 1976; Bahls, 1981) . report a record of the species along 24/24h artificially illuminated pathways, in a lead and zinc mine. A few individuals were collected in a wild caves, in the dark zone (Claus, 1955) . Luticola mutica can be detected both on wet rocks and mosses (Reichardt, 1985; Poulíčková & Hašler, 2007) and in ice caves (Lauriol et al., 2006) . Luticola mutica is a halophilous species; as a consequence, the high conductivity of the seepages on cave walls (due to the high evaporation rate) does not represent a limiting factor for its growth (Poulíčková & Hašler, 2007) . Luticola mutica was also recorded in ventaroles, on rocks and mosses (Škaloud, 2009 ).
NEW AND RARE SPECIES
Due to the peculiarity of the subterranean environment, the record of rare or new species is relatively common. This is the case of Diprora haenaensis Main described as new genus and new species in 2003, and detected for the first time in Carter, similar to Kobayasiella jaagii (F. Meister) Lange-Bertalot, but with different central area and terminal fissures, and Nitzschia disputata J.R. Carter, belonging to the section Grunowiae. After 1971, C. borealis was collected in salt marsh deposits recovered from a field site near Sisimiut (West Greenland; Long et al., 2010) and on dried macrophytes preserved in an herbarium and collected from the artificial lake Kraenepoe (Belgium), between 1853 and 1983 (Denys, 2009) . Navicula vula was also recorded in sediment samples from the bottom layer and fine detrital gyttja collected from a tarn at Røyrtjønn (Lista peninsula; Norway -Prøsch-Danielsen, 1997); again it was recorded in December 2004 in phytoplankton samples collected from the East China Sea, in proximity of the Jeju Island (Affan & Lee, 2004) . These records lead us to conclude that N. vula species is not strictly aerophilous and can inhabit both fresh and brackish waters. Moreover, Nitzschia disputata was also recorded in several surface ecosystems: in particular, it was collected in epilithic samples from small lowland rivers located in the Northern-Central region of Portugal, showing a preference for low conductivity, acid waters with low organic matter concentrations (Almeida & Gil, 2001 ). Again, collected in lowland rivers (small tributaries of the Douro River) affected by organic pollution in the North-West Portugal, where it shows a seasonal preferences for cold months (Elias et al., 2012) . Nitzschia disputata was collected also in rivers in Southern Finland, showing preferences for oligotrophic stretches (Soininen & Könönen, 2004) . It was also detected in an acid small rainwater pool close to an abandoned iron mine at Skelton (England; Denys & Carter, 1989) , and it was part of the periphytic community collected in a near-pristine lake in the UK (Kelly et al., 2009) .
Subterranean diatom flora
In 2003, Buczkó collected a dense population of the rare Diadesmis brekkaensoides (W. Bock) Moser, Lange-Bertalot & Metzeltin in the Kiskőhát shaft, a protected sinkhole located in the Bükk National Park (Hungary). Apart from the type locality, Diadesmis brekkaensoides was illustrated by Reichardt (2004, p. 429, pl. 1: 24-28, pl. 7: 4-6 ) from a spring in Graz (Bergland), Austria, in Hochlantsch mountains. The location, called "Schüsserlbrunn" is a recess in a wall of Devonian limestone where dripping water has formed some small hollows. One sample was collected from a depression in the outer area of the recess which was only slightly shaded.
MORPHOLOGICAL VARIATIONS IN DIATOMS OF SUBTERRANEAN HABITATS
Aquatic species may show some morphological modifications when growing on wet surfaces aerophilous taxa may change their morphology when growing in freshwater. Indeed, it has been demonstrated that the genus Diadesmis is highly polymorphic (Poulíčková & Hašler, 2007) : D. gallica, in particular, can be subject to phenotypic Indian Ocean; Van de Vijver & Cox, 2013) . These new species, Sellaphora barae Van de Vijver & E.J. Cox and Mayamaea cavernicola Van de Vijver & E.J. Cox, were described as new for science, while a third species Chamaepinnularia aerophila Van de Vijver & Beyens was previously described from the nearby Crozet archipelago (Van de Vijver et al., 2002a) and as a new record for Île Amsterdam ( Van de Vijver & Cox, 2013) . Before this last publication, the same authors observed M. cavernicola also in small caves at the Île de la Possession ( Van de Vijver et al., 2002a) . The distributional range of these species is, nowadays, limited to the Southern Indian Ocean.
Luticola spinifera (W. Bock) Denys & W.H. De Smet was described as Navicula spinifera W. Bock in 1970 by Bock and rarely recorded afterwards (only in San Gimignano, Italy and in Bodiam Castle, Sussex). This particular species shares common features both with Luticola (stretched plastid, presence of stigma, longitudinal canal and dentate valvocopula) and Diadesmis (elongated poroids, linking spines, absence of notches). The long spines, visible even under the light microscope, are irregularly disposed but always present and allow the formation of short chains (up to 6 individuals) that strongly adhere to soil substratum. The formation of colonies can be considered an adaptive strategy to extreme stress conditions, such as water loss through valvar surface. Several populations were recorded in Turkey and seemed to prefer calcareous substrates and mosses for colonization and, due to the reduced competitiveness with the other soil species, they tend to colonize sheltered and inclined substrates (Denys & De Smet, 1996) . According to Levkov et al. (2013) Luticola spinifera is a widely distributed species in aerial habitats.
In while Frustulia creuzburgensis (Krasske) Hustedt, Nitzschia perminuta (Grunow in Van Heurck) Peragallo and Navicula digitoradiata (W. Gregory) Ralfs in Pritchard showed a finer striation than in the original description (Carter, 1971) .
Morphological alterations in the shape of valves and horse-shoe area (or "sinus") were found in Planothidium lanceolatum (Brébisson ex Kützing) Lange-Bertalot (cited as Achnanthes lanceolata (Brébisson ex Kützing) Grunow in Cleve & Grunow) collected from lava tubes (Rushforth et al., 1984) . The same authors found some atypical morphological characters in the populations collected in this site, if compared to the classical species descriptions. This is the case of Rossithidium pusillum ( Exposure to low light can also result in particular physiological strategies: indeed, autotrophs in subterranean environments may show a certain degree of heterotrophy (Palik, 1960; Giordano et al., 2000) . Changes in cell ultrastructure have been studied in cyanobacteria and chlorophytes (Albertano et al., 1991a) but not yet on diatoms.
It has been observed that morphological and physiological adaptations disappear once the populations are cultured in the laboratory, assuming their normal aspect and reactivating physiological processes (Schagerl, 1991) .
It is well known that diatom species are subject to morphological plasticity, developing features that allow facing and surviving in particular environmental conditions. By analysing literature data, we compare the morphometric features of the most common species found in subterranean ecosystem with those reported in literature for the same species when found in freshwater ecosystems (Table 3) .
When comparing morphometric data found in literature, no statistically significant differences were found between surface water and subterranean environments. Mann-Whitney test was performed on min and max values of valve length and width, and on minimal and maximal values of striae density (PC-ORD vers. 6.0; McCune & Mefford, 2011) . As expected, freshwater diatoms showed a wider range in length and width measures. In terms of mean length, Hantzschia amphioxys and Pinnularia borealis valves seem to be longer in subterranean ecosystems than in freshwater ones, as well as in Orthoseira roeseana diameter; on the contrary, Luticola mutica shows smaller cells in caves. Moreover, as shown in Table 3 , Luticola nivalis and L. mutica found in subterranean habitats show on average a lower density of striae in respect to those found in rivers. On the contrary, striation in O. roeseana seems denser in subterranean ecosystems than in freshwater habitats. polymorphism; it is mainly a terrestrial or subaerial diatom. Diadesmis gallica can present two kinds of morphs: the first showing raphe system on both valves and lacking marginal spines; the second forming colonies through linking spines located in the valve margins and lacking a raphe system (Granetti, 1978; Albertano et al., 1995; Cox, 2006) . Probably, this phenomenon could be related to adaptations to different conditions: aerophilous specimens, already adapted to live to moist surfaces, can easily survive as single cells anchored by means of the mucilage secretion through raphe. On the other hand, floating in liquids such as standing waters, can be faced by the formation of colonies for which the production of the spine is necessary (Cox, 2006) . A new variety of D. gallica, at that time described as Navicula gallica var. montana Bahls (Bahls, 1981) , showed the same kind of polymorphism. During the analysis of the diatom flora in Lewis and Clark caves, Bahls found particular specimens differing from D. gallica by length and outline of the valves (longer and more linear in Navicula gallica var. montana). It was observed that part of the individuals belonging to the new population lacked the raphe system (Bahls, 1981) . Finally, the raphe system in D. gallica found in Roman Catacombs was reduced or completely absent in most of the specimens; on the contrary, some individuals lacking marginal spines presented a very short raphe (ca. 2 μm long) probably denoting an adaptation to solitary cells life form on cave walls (Albertano et al., 1995) . It has been frequently observed that D. gallica produces also teratological forms involving different parts of the cell (outline, raphe system, central and axial areas, pores, spines); this is probably induced by the highly variable environmental conditions, mainly in terms of humidity and light, in which the species usually occurs (Granetti, 1978) .
Diatoms colonising wet walls are adapted to unstable environments, not always completely wet. To face desiccation, some populations (for example belonging to the genera Chamaepinnularia, Diadesmis, Eunotia or Nupela) show particular siliceous lamina occluding the areolae; moreover, the number of areolae can also be lowered (Lowe et al., 2007) . Reduced external openings are also typical for species of the genera Decussata, Luticola, Microcostatus and Nitzschia when colonising wet walls (Lowe et al., 2007) . To prevent desiccation during reproduction, Luticola dismutica (Hustedt) D.G. Mann in Round, Crawford & Mann produces a thin protective layer of mucilage around gametes and zygotes (Poulíčková, 2008) .
In 1971, Carter observed that diatom populations, collected from Devil's hole cave in Scotland, presented very small dimensions and finer silica structure, probably due to adaptation to subterranean habitats. In particular, Achnanthes perfida J.R. Carter, Brachysira vitrea (Grunow) Van de Vijver et al., 2002b; Buczkó, 2003; Kopalová et al., 2009; Lowe et al., 2014) , but also for the genera Achnanthes (Tofilovska et al., 2014) and Luticola (Kopalová et al., 2011; Levkov et al., 2013) , it is important to consider that modern techniques for the morphological analyses, such as SEM, were not available and spread during the first half of the 20 th century. Fine structures in very small specimens, nowadays considered as systematic character for the determination of diatoms at species level, have not been observed during most of the researches included in this review. For instance, Luticola mutica is regularly cited in the world, also frequently in subterranean habitats; nevertheless according to Levkov et al. (2013) Levkov, Metzeltin & Pavlov, etc) . For instance, the valves depicted in Krammer & Lange-Bertalot (1986, figs 61: 1-7 , as Navicula mutica Kützing var. mutica) belong to L. frequentissima. Another recent deep investigation of the species of the genus Achnanthes, including the analysis of the type material of A. coarctata, allowed Tofilovska et al. (2014) to discover and describe two new Achnanthes species in the cave Peshti, Mountain Jakupica, Macedonia. In addition, revising the Diadesmis and Paradesmis species concept, Lowe et al. (2014) proposed the creation of a new genus, based on the description of a new species, the generitype Humidophila undulata Lowe et al., found at the type locality (subaerial collection from wet wall, Nuuanu Pali Lookout, Oahu) and on drip walls and caves on the islands of Oahu, Maui and Hawai'i. Several of the species belonging actually to Diademis, as Diadesmis aerophila (Krasske) D.G. Mann or D. contenta, have been transferred to this new genus Humidophila (Lowe et al., 2014) .
According to the literature investigated, diatom diversity in subterranean habitats is, in general, relatively low. Despite this, some literature data report a high number of taxa collected from caves. For example, Lauriol et al. (2006) highlighted an important number of diatom taxa in samples collected from ice caves: about 92 taxa (mainly aerophilous and allochthonous) were identified from ice cave formations in Northern Yukon Territory (Canada). Carter (1971) also recorded more than 90 taxa from the Devil's Hole Cave in Scotland.
CONCLUDING REMARKS
The literature analysed refers to subterranean habitats (mostly caves) distributed in 27 different countries mainly in Europe and North America (Table 1) . More than 230 papers were analysed. Within them, more than 190 studies concern the algal flora inhabiting subterranean systems, and in particular, 82 specifically refer to diatoms providing a list of recorded species. Literature data cover a temporal range of 113 years, from 1900 to 2013 (Figure 3 ) and provided information concerning the diatom flora colonising mainly wet walls in caves, including touristic ones. The interest of the scientific community in this subject has grown in the last decades worldwide, especially in relation to the impact of biofilm in show caves.
Cave diatoms
From this review, a total of 363 diatom taxa, belonging to 82 genera, were observed in different subterranean systems. In particular, Navicula sensu lato and Nitzschia count the highest number of species (respectively 40 and 26). The most widespread and abundant species were Hantzschia amphioxys, Diadesmis contenta, Orthoseira roeseana, Luticola nivalis, Pinnularia borealis, Diadesmis biceps, and Luticola mutica. Up to the last two decades, species concept in diatom taxonomy assumed wide boundaries leading to a broad concept. Indeed, a full understanding of the underlying causes of morphological variation patterns and speciation was generally missing and most of phenotypic variability was purely considered as environmental adaptation. Moreover, the only diatom floras available until then, referred to European freshwater diatoms. The use of these floras for the identification of diatom species in non-European freshwater ecosystems (for example Antarctica) or for the analyses of soil and aerophilous communities has to be considered as "force fitting" taxonomical practice. The arising consequences fall back into the study of diatom ecology, biogeography and lead to under-estimation of their diversity (Vanormelingen et al., 2008) . Afterwards, with the increase of molecular techniques, fine and discontinuous morphological features started to Subterranean diatom flora walls, sometimes oxidising its iron inclusions (Roldán, 2008) . For this reason, chlorine bleach (sodium hypochlorite NaClO) and peroxide (hydrogen peroxide, H 2 O 2 ) appear not adequate in the treatment of walls characterized by prehistoric paintings (Aley, 2004) . Moreover, this treatment seems to be not effective against some cyanobacteria that are able to survive in crevices (Iliopoulou-Georgoudaki et al., 1993) , like for instance Scytonema julianum (Meneghini ex Franck) Richter. Despite the release of gaseous chlorine with potential consequences on biota (Faimon et al., 2003) , chlorine bleach (50%) is an effective solution and is largely used (Cigna, 1993) . Recently, peroxide was also tested as an alternative to chlorine bleach for the removal of lampenflora: 15% H 2 O 2 appeared to be effective on its destruction, even if it seems less effective than chlorine bleach (Mulec & Glažar, 2011) . Moreover, at this concentration, peroxide damages limestone and speleothems, reacting with carbonates. To overcome this problem, Faimon et al. (2003) suggested to introduce some limestone fragments in 15% H 2 O 2 10 hours before the cleaning procedure. In this way, the saturation of the solution with respect to calcite can be reached, preserving limestone cave walls from deterioration.
The formation of lampenflora as consequence of tourist exploitation of show caves also represents a severe threat for conservation issues, as caves shelter troglobionts, rare and endemic taxa Czerwik-Marcinkowska & Mrozińska, 2011) . The environmental management of show caves should accurately take into consideration which kind of habitat has to be preserved: low and intermediate energy subterranean systems are the most vulnerable and the human presence could easily threaten their natural equilibrium. Indeed, touristic flow should be established by a well-designed program of measurements, including temperature, humidity, CO 2 assessment. The flux of tourists in the cave should be regulated, in order to avoid excessive repercussions on the cave environmental parameters, targeting the maintanenace of their natural range of variations. Reasonable recovery periods should be planned in response to excessive impacts.
